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A STUDY OF DYNAMIC RESPONSE OF CANTILEVER HIGHWAY BRIDGES 
SYNOPSIS 
The results of an analytical investigation are presented to 
illustrate the nature of the .. dynamic effects produced by moving vehicles 
in highway bridges of the cantilever type 0 In the analysis the bridge 
is represented by a beam with distributed flexibility and seven concentrated 
point masses, and the vehicle is represented by a smoothly moving, singJ..e-
axle, sprung loado 
The parameters investigated include the speed of the vehicle, 
the stiffness of the vehicle suspension in comparison to the stiffness 
of the bridge, and the limiting interleaf friction in the springs of the 
vehicle 0 It is shown that cantilever bridges are more susceptible to 
vibration than continuous bridges of the same general proportions .. 
10 INTRODUCTION 
10 Object and Scope 
The object of this investigation was to study analytically the nature 
of the dynamic effects produced in cantilever highway bridges by moving vehicles .. 
Although the response of simple span bridges under moving loads has been in-
vestigated at great length, there is very little information available concern-
ing the behavior of cantilever bridges 0 To date the most valuable information 
has been provided by field observations (1)* which have' shown that cantilever 
bridges are more susceptible to vibration than either simple span bridges or 
continuous bridges. In the light of this experience, an investigat,ion of the 
d~~c response characteristics of this type of construction is believed to 
be warranted 0 
Analytical methods for the computation of the response of cantilever 
bridges under moving loads have been reported previously in Refso 2 and 30 
In Refo 2 the general solution is for.mulated for the response of a cantilever 
bridge, idealized as a beam, due to the action of a concentrated, mOving 
constant forceo In Refo 3 a procedure is described for the analysis of the 
* Unless otherwise identified, numbers in parentheses refer to the items 
listed in the Bibliography at the end of the texto 
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same system when traversed by a single point masso In both instances no 
numerical results are presentedo The work reported in Refo 3 is part of a 
continuing investigation which includes both theoretical studies and laboratory 
tests on a scaled beam modele 
Inasmuch as a vehicle is a sprung-borne mass, the methods referred 
to above are applicable only to certain limiting cases of the bridge vibration 
problem 0 The constant force solution is valid only when the stiffness of 
the vehicle suspension system is small ~n comparison to the stiffness of the 
bridge~ or when the weight of the moving mass is small in comparison to the 
weight of the bridgeo The solution for the unsprung mass is valid only when 
the stiffness of the vehicle suspension is large in comparison to that of 
the bridgeo 
The solutions reported here were obtained by application of the 
theory an~ the computer program developed for the analysis of three~span 
continuous bridges (4) In this method}) the bridge is idealized as a beam 
and the vehicle is represented as a sprung load unite The assumptions and 
approximations involved in the analysis j and the details of the method are 
given in Refo 4ao 
The present study is of an exploratory nature 0 It was undertaken 
with the view of determining the distinguishing features of the dynamic 
behavior of this type of constructiono Numerical solutions are presented 
for a particular bridge by considering a range of vehicle speeds and several 
values for the parameters defining the characteristics of the vehicle 
suspension 0 Wherever possible, the major differences between the response 
of this type of construction and that of simple span bridges and continuous 
bridges are discussed. In addition~ the natural frequencies and modes of 
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free vibration of the particular cantilever bridge investigated are evaluated 
by different procedures and the results are compared 0 
20 System Considered 
In the analysis the bridge is represented by an elastic beam with 
distributed flexibility and concentrated point masses, as shown in Fig. lao 
The beam is considered to be of uniform cross section and symmetrical about 
the center lineo Each anchor span is taken equal to three-quarters of the 
center span, and the suspended span is taken equal to one-half of the center 
spano The latter dimension is somewhat unrealistic, since in actual bridges 
the suspended span is of the order of 80 percent of the center span. The 
choice of the particular proportions used was governed by limitations in the 
computer program which in its present form can handle a maximum number of 
seven concentrated masses for the beamo These masses must be equally spaced 
within each spano The surface of the beam is considered to be level and 
smooth 0 The effect of bridge damping is neglected 0 
The vehicle is represented by a single-axle load unit, as shown in 
Figo 20 The upper spring 'simulates the flexibility of the vehicle suspension, 
whereas the lower spring simulates the flexibility of the tires 0 The frictional 
device accounts for any friction that may develop in the suspension systemo 
For a more detailed description of the characteristics of this system, the 
reader is referred to Refo 4bo Both springs are considered to be linearly 
elasticJ and the maximum frictional force that can be mobilized is considered 
to be constant 0 Also the speed of the vehicle is considered to be constant e 
The parameters that enter into the problem are: 
(a) the speed para.m.ere.r~ a~j ',deffn.ed by 'the: equa.tion 
VTb 
Cl= 2L 
where V represents the speed of_the vehicle, ~ represents the fundamental 
period of vibration of the beam, and L the length of the center spano 
(b) the weight ratio, W/Wb, where W is the total weight of the 
vehicleJ and Wb is the weight of the center span of the bridgeo 
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(c) the frequency ratios ft/fb and fts/fb, in which fb represents 
the fundamental frequency of vibration of the bea.m~ f t represents the natural 
frequency of the load when vibrating on the tire spring, and f ts represents 
the corresponding frequency of the load when vibrating on the tire spring 
and the suspension spring acting in serieso 
(d) the coefficient of frictionJ ~, defined as the ratio of the 
maximum frictional force that can be developed in the suspension system to 
the wei~~t of the vehicle, Wo 
When the effect of friction is neglec·ted, it is necessary to 
consider only a single frequency for the vehicleo This frequency is designated 
as f 0 
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II., NATURAL FREQUENCIES P.ND MODES 
40 Results for Discrete Systems 
The equations governing the free vibration of the beam shown in Figo Ia 
were formulated in terms of the stiffness matrix of the system 0 The elements 
of this matrix were calculated on the ILLIAC, the digital computer of the 
University of Illinois, by use of part of the computer program reported in 
Refo 4co The resulting equations were solved on the ILLIAC using nLIAC library 
routine Ml9(5)o 
The results obtained are given in part (a) of Table 10 Included in 
this table are the values of the circular natural frequencies, w., and the 
1 
corresponding modes of vibration 0 The natural frequencies are expressed in 
terms of the quantity., 'EII pL 4 ~ where EI is the flexural rigidity of the cross 
section of the beamp p is the mass per unit length, and L is the length of the 
center span 0 The quantity s in this table represents the distance between the 
left support and the position of a point on the beam, in terms of the total 
length of the beamo Thus s = 0 designates the leftmost support., s = 1 the 
rightmost support, ~nd S = O~l the location of the first mass concentration 0 
In part (b) of the same table are given the frequencies and modes 
obtained by considering seventeen mass concentrations, as shown in Figo lbo 
The first five modes are plotted in Figo 3, wherein are given also the 
magnitudes of the corresponding natural periods relative to the value of the 
fundamental periodo 
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50 Comparison with Results for Continuous System 
In order to obtain an indication of the effect of replacing the 
distrlbuted mass by concentrated point masses, the exact values of the two 
lowest natural fre~uencies of the system with distributed mass were evaluated 
by use of a varia.tion of the procedure described in Ref 0 6. The dynamic 
stiffness and carry-over factors re~uired in the computation by this pro-
cedure were obtained from Refo 70 
The result~ are summarized in the following table under the col~~ 
ident,ified as It exact met.hodl! 0 Included in this table are also the corresponding 
values obtained for the discrete systems with seven and seventeen mass con-
centrationsJ and the extrapolated values based on the fre~uencies of the 
discrete systems 0 The extrapola.ted frequencies were determined by use of 
2 (8) Richa.:rdsonts h -extrapolation formula 
Order 
of 
Frequency 
i 
1 
2 
Seven 
Masses 
10 .. 10 
ll.81 
Discrete System 
Seventeen Extrapolated 
Masses Value 
l0042 
12096 
10.53 
13 .. 34 
Continuous System 
Exact Rayleigh!s 
Method Method 
11.13 
It can be seen that the fundamental frequency for the discrete system 
with seven mass concentrations is 403 percent less than that for the actual 
continuous system 0 The corresponding difference for the second natural frequency 
is l2~2 percent~ For the system with seventeen mass concentrations these differ-
ences are 1Q2 percent and 306 percent, respectively. It is of interest to note 
that the extrapolated values are in very good agreement with the exact values. 
The frequency listed in the last column of this table was obtained by Rayleigh R s 
method, which, as is well known, leads to a higher frequency than the exact 
frequency. This particular result was determined by considering a deflection 
configuration equal to that produced by a concentrated static force applied at 
the center of the suspended span. 
II:ro BEHAVIOR UNDER A MOVING SPRUNG LOAD 
60 General 
The solution presented in this section is for a three-span canti-
lever bridge traversed from left to right by a smoothly moving, single-axle 
loading. The bridge is idealized in the manner shown in Fig .. lao The weight 
ratio W/Wb = 001757 and the speed parameter a = 00185. The frictional force 
in the suspension system of the load is considered to be so large that the 
suspension-spring is not engaged, with the result that the mass oscillates 
on the tire-spring only. The frequency ratio is taken as f~fb = 1.237. 
Physically~ these parameters correspond to the single-axle load 
representation of an H20-Sl6 truck with highly inflated tire~; moving at a 
speed of 6006 m.p.h. across a cantilever bridge with spans of 60 1 _80' -60l!" 
Tne length of the suspended span is considered to be 40 feet. The weight per 
unit of length and the flexural rigidity of the cross-section of the bridge 
are considered to be identical to those for a fl standardu (9) three-span 
continuous bridge of the SC-6-53 type with spans of 64!-80?-64 R o Thus the 
weight ratio for the two systems is the same. For the same vehicle moving 
with the same speed over the continuous bridge, the speed and frequency 
parameters for the continuous bridge are a= 0015 and f~~ = 1.00. These 
values follow from the fact that the fundamental natural frequency of the 
particular cantilever beam considered is 00809 times that of the corresponding 
continuous beam. The dynamic response of the continuous beam has been reported 
in Ref" 4d.o 
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The quantities evaluated are summarized on the sketch at the top of 
These include the deflection D at the center of the suspended span, 
c 
the corresponding moment Mc' the moments Ml and M4 at the center of each side 
span~ the moments M2 and M3 over the interior supports, and the four reactions 
RI through R40 In additionJ the interacting force, p~ between the load and the 
bridge was evaluated and studied 0 
70 Representative History Curves 
70l Interacting Force In Figo 4 is shown the variation of the 
interacting force, P, as the vehicle crosses the spano The abscissa ~ 
represents the distance between the first support and the position of the 
load~ expressed in terms of the total length of the bridgeo The ordinate 
represents the interacting force in terms of the weight of the vehicle, Wo 
It can be seen from this figure that as long as the load is to the 
left of the left hinge {ioeo ;P ~ 004)3 the peak variation in P is about 10 
percent of the static reaction, Wo This value is of the same order of 
magnitude as that for simple span bridges and for three-span continuous 
bridges a However, when the load is on the suspended span the maximum variation 
in P is of the order of Oo2W, and it becomes appreciably larger after the load 
has crossed the right hingeo In the particular case considered, the peak value 
of P is lo77W. 
These large variations of Pj which are in sharp contrast to those 
determined for simple span bridges and continuous bridges, are attributed to 
the abrupt change in the path of travel (point of contact) of the load, as 
the load moves over a hingeo In Figso 5a and 5b are shown the deflected con-
figurations of the bridge due to a static load applied over the left hinge and 
the right hinge, respectivelyo Although the instantaneous dynamic configura-
tions are obviously different, they exhibit the same general discontinuity in 
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slope at the loaded hinge o It follows that as the vehicle crosses the hinge 
it is suddenly forced to move from i1downhill1f to ~\1phillu 0 The overall effect 
of this abrupt reduction in the slope of the path of travel of' the load is a. 
sudden increase in the rate of spring deformation with a subsequent increase 
in the value of the interacting force. 
At the present stage of our knowledge, it is not possible to 
describe precisely the effect of this abrupt change in slope~ However, certain 
qualitative conclusions may be drawn from the following simple but rough 
analysis. 
The in~eracting force may be expressed in the form 
. P = k(z-y) (1) 
where k is the spring constant for the vehicle spring, z is the deflection of 
the vehicle mass measured from a horizontal reference plane, and y is the 
deflection of the bridge at the point of application of the load.. The rate of 
change of P7 iqe. the slope of the history curve for p~ is then given by the 
equation 
d,P dz dv d.z dv 
- = k ( - - .::l!...) - k ( - - y ~ ) dt dt dt - dt dx (2) 
in which V represents the speed of the vehicle and x represents distance 
measured from the left s~pporto 
Now.? unl.ess the mass is unsprung.? i" e" k = co, : will be a continuous 
function 0 Then it can be seen from Eqo 2 that a sudden decrease in ~ is 
associated with a sudden increase in ~ and, therefore, with a subsequent 
increase in the value of Po That this is indeed the case can be seen clearly 
from the curve presented in Figo 40 
Equation 2 leads also to the following conclusions: 
(a) Since: is proportional to V and k, all other factors being 
equalp the increase in ~ will be most pronounced for high speeds and for 
systems with a high frequency ratio l' If. 
v bo 
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(b) Since the magnitude of'the discontinuity in slope ~ is sensitive 
to the location of the hinge, the increase in ~ is also a function of the length 
of the suspended span relative to that of the center span. It is expected that 
in general ~ will be relatively small when the hinges are located close to the 
supports 0 It is likely then that the increase in ~ for an actual cantilever 
bridge will not be as pronounced as indicated by the result presented in Fig. 4, 
since7 as previously noted, the suspension span in an actual case is likely to 
be of the order of OoeL instead of the value used in the present solution. 
It should be emphasized that these qualitative conclusions must be 
verified in the light of Ttexacttf solutions. In this connection it should be 
recalled that the response of the bridge-vehicle system is influenced in a 
number of different ways by changes in the parameters considered above. However, 
these conclusions appear to be justified by the results presented in the follow-
ing sectionso 
In Fig. 4 it is of interest to note that the predominant period of 
variation of P is close to the natural period of vibration of the vehicle. 
This result is in agreement with that found for simple span bridges and three-
span continuous bridges(4e)0 
702 Bridge Response Figo 6 gives the time histories of the dynamic 
incremeht for deflection, Dc' and momentJ Mc' at the center of the suspended 
span. The term dynamic increment designates the difference between the 
instantaneous dynamic effect at a section and the corresponding static effectQ 
In this report~ it is expressed in terms of the maximum static value of the 
particular effect at the section consideredo 
Figs 0 7J 8 and 9 give similar curves for moment at the center of 
the two anchor spansJ for moment o~~r the right interior support, and for 
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reaction at the three rightmost supports, respectively 0 It can be seen that 
the amptitudes of the waves in these curves become fairly large when the load 
is on the suspended span, especially after the load has crossed the right 
hinge. In this particular case, the peak amptitudes are about 0.56 for D , 
c 
0028 for Mc J 0080 for M3J 0069 for M4, and 0085 for R30 In contrast, the 
corre~onding values for the analogous three-span continuous bridge referred 
to previously are (4d) 0012, 0.11, 0 0 22, 0012 and 0017, respectively. 
Inasmuch as large amptitudes of dynamic increment are indicative of 
a high degree of bridge OSCillation, these results are in agreement with field 
observations (1) which have shown that cantilever bridges are more susceptible 
to vibration than continuous bridges. 
The large values of dynamic increment indicated in Figse 6 through 
9 are dueJ in part, to the large variations of the interacting force and, in 
part, to the greater flexibility of the bridge, particularly when the load is 
on the suspended spano 
On comparing the dynamic increment curves in Figo 6, one notices 
that the c~~ for moment. exhibits oscillations of a higher frequency than 
the corresponding curve for deflection. These high frequency components are 
most pronounced when the load is over the suspended span, and seem to arise 
from the participation of the fifth natural mode of vibration for which the 
curvature at midspan is fairly large (refer to Fig .. 3). It is of interest 
to note that similar high frequency components are present on the strain 
records of the test data reported in Ref. 3~ High frequency oscillations 
are also prominent in the dynamic increment curves for reaction, Figo 90 
Since the contribution of the high frequency modes is appreciable, 
it follows that in order to obtain a precise solution for the response of 
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a cantilever bridge, one must consider a sufficiently large number of con-
centrated masses in the replacement beam so that the nat-ural frequencies of 
the contributing modes are accurately accounted for. The indications are 
that the model must be capable of representing accurately the first five 
naturaJ.. frequencies. The type of inaccuracies that will result otherwise 
have been discussed in Ref~ 4f in connection with three-span continuous 
bridges 0 
For the model used in the present analysis) even the two lowest 
natural frequencies are not in very good agreement with those of the con-
tinuous beam. AccordinglYJ the detailed features of the present solutions 
are not expected to be precise; however, it is believed that the overall 
characteristics of the response are depicted accurately. 
It has been shown (4g) that for simple span and continuous bridges 
there is a linear correlation between the dynamic increment for deflection 
and moment at the center of the center spano The results presented in Fig. 6 
show that this linear relation is not valid for cantilever bridges. 
80 Effect of Speed 
The effect of vehicle speed was investigated by obtaining additional 
solutions for values of ex = OolO~ 0015 and 00220 All other parameters were 
taken the same as those for the problem presented in the preceeding articleo 
The results are sum:ma.rized in Figso 10 through 130 
Figs 0 lOa through 10c give history curves for the interacting force, 
and Figso lla through 12c give corresponding curves for the dynamic increment 
for moment at the center of the suspended span and the center of the right 
anchor spano From these curves and the corresponding curves for ex:: 00186 
presented in Figso 4, 6 and~, it can be concluded that the dynamic effects 
generally increase as the vehicle speed increases. The same trend has been 
shown previously to be valid for simple span bridges (10) and for continuous 
bridges (4g) 
In Table 2 are tabulated the amplification factors for the various 
effects for the four speeds considered 0 The term aplification factor 
designates the ratio of the maximum dynamic effect to the corresponding 
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maximum static effect, and it is abbreviated as fJ A.F .. tt Results are presented 
for all the effects that were evaluated. Included in this· table are also 
the values of ~ which correspond to the position of the vehicle that produces 
the maximum dynamic effect in each caseD The amplification factors are also 
summarized graphically in Figo 130 
It may be recalled that the amptitudes of the waves in the dynamic 
increment curves are of appreciable magnitude only for large values of ~p 
(iceo at the later stage of the response).. Accordingly, a large dynamic 
effect is likely to occur only at those sections for which the mSLximum static 
effect is attained for a load position corresponding to a large value of ~o 
It would follow then that, over a range of the parameters entering into the 
problem, the maximum effects in the third span will be larger than the 
corresponding effect in the first spano Of course, for anyone problem the 
reverse may turn out to be true. This is brought out by the results given 
in Table 2 and in Figo 130 
90 Effect of Frequency Ratio 
The system considered in Arto 7 was also analyzed for a frequency 
ratio f~fb = 0050 Some representative results are given in Fig. 14. The 
upper c~-ve shows the variation of the interacting force, whereas the lower 
curve shows the time history of the dynamic increment for M4, the moment at 
the center of the right hand side spano 
On comparing these curves with the corresponding curves for 
f~fb = 1.237 given in Figs. 4 and 7b, it can be seen that. the peak value 
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of the interacting force is reduced from lo77W, for the high frequency ratio, 
to lo14W for the lower frequency ratio. This reduction is in agreement with 
the explanation given in Art. 7 01. The corresponding reduction in the peak 
value of the dynamic increment curve for M4 is from 0.70 to 0.390 Thus the 
peak values of both the interacting force and of the dynamic increment for 
response are quite sensitive to a change in the frequency ratioe This result 
is in contrast to that for continuous bridges, for which the response was 
found to be practically independent of the frequency ratio (4i) 0 
It should be noted that these differences in the peak values of 
the dynamic increment curves for different frequency ratios occur in the 
later stages of the response. Consequently, a change in the frequency ratio 
is likely to affect only the amplification factors corresponding to large 
values of gp (i"e. the maximum effects occurring in the right anchor span). 
Finally, it is noted that although the peak values of the dynamic increment 
curves for f/fb = 0 .. 5 are significantly smaJ.ler than those for f;fb = 1.231., 
these values are still fairly large when compared with those determined for 
continuous bridges with similar proportions. 
100 Effect of Interleaf Friction 
For the solutions presented in the preceding articles the interleaf 
friction was considered to be larger than the maximum variation in the inter-
acting force, such that the suspension spring did not engage. Inasmuch as 
for large frequency ratios the yariation of the interacting force was found 
16 
to be appreciably larger than the limiting frictional force for actual vehicles 
(usually of the order of 15 percent of the static reaction)~ it is quite 
important that the effect of friction be investigated. 
The solid curves in Figo 15 represent the solution for a system 
with the following parameters~ 
W/Wb = Oo175J a = Oo15J ft/fb = lo237~ fts/fb = Oo75J ~ = 0015 
In this figure p the top solid curve shows the ~18riation of the interacting 
force and the bottom curve shows the variation of the dynamic increment f~r 
M4) the moment at the center of the right anchor spano The dotted curves, 
presented previously in Figso lOb and l2b~ give the corresponding solutions 
for J..L = co (i.eo ft/fb = f.jfb = 1.237)0 
From these curves it can be seen that the overall effect of friction 
is to reduce the peak values of the response and that the reduction is most 
pronounced in the later stages of the response. It follows then that the 
greatest reduction in maximum effects is likely to occur in the right 
anchor span.. This result might be expected intuitivelYJ since the variation 
in the interacting force becomes most pronounced after the load has crossed 
the suspended span. 
IV a CONCLUSION 
The results of the exploratory study reported here demonstrate that 
the dynamic effects produced by moving vehicles in highway bridges of the 
cantilever type are considerably larger than those for continuous bridges 
of comparable dimensions. This conclusion is in agreement with the results 
of field observationso 
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TABLE 1 
NATURAL CIRCULAR FREQUENCIES AND MODES OF VIBRATION 
Order w. Relative Deflection Amplitude of Masses l 
i g Shape Value of S 
7+ 00.05 00.1. 0015 .0 .. 2 . 0.",25 0 0 35 .004- . .0.0,45 O~5 e' 
(a) Seven Mass Concentrations 
1 10ol0 s* ",,00670 -00780- +10583 +10695 
2 11081 A* -00854 -0.968 +10826 0 
3 25047 S -1.588 -lo189 -0.653 -1.130 
4 27042 A -10528 -1.035 -1.263 0 
5 49025 s +-00345 -00081 +10399 -2,,415 
6 74053 A -10392 +10730 +00266 0 
1 74065 S +10382 -10724 -0.332 +00126 
(b) Seventeen Mass Concentrations 
1 10042 S +00276 +00494 +00606 +00573 +00373 .. 0:.531. -10143 -10216 -1 0246 
2 12·96 A -00395 -0.701 -00E:P45 -00779 ~O'~492 +00650 +10374 +00692 0 
3 25064 S -00680 -1.113 -10155 -0.829 -00335 -00096"-00463 -00752 -0 0 870 
4 29044- A +00652 +10034 +10005 +00625 +00160 +00439 +10219 +00632 0 
5 59068 S +00381 +00436 +00123 -00274 -0 .. 376 +0;0716 +10427 -00731 -1.644 
6 79054 A +10114 +00975 -00270 -10256 -00967+00172 -00364 -00245 0 
7 81015 S -10073 -00917 +00301 +10223 +00897 +00014 +0.719 -00078 -00427 
8 156.77 A -10000 0 +10000 0 -1.000 +10000 0 -10000 0 
9 161.00 S +10166 -00,050 -10163 +00106 +10190 -00786 +0 9 471 +0,,064 -0 0164 
10 174097 A +00667 -00120 -00642 +00250 +00668 +00289 +00829 -1.688 0 
11 215023 S -00691 +00379 +00479 -00663 -00241 -10780 +00654 +00145 -0.260 
12 218096 A +00642 -00373 -0 0422 +00637 +0.166 +l0691 -00876 +00460 0 
13 290096 s +0,,995 -10134 t 00296 +00788 -10271 -00601 +0014-3 +00087 -0.129 
14 291,,17 A -0,,993 +10133 :"00298 -00784 +10270 +00614 -00190 +0,,039 0 
15 340~73 S -001034- +00050 ~00038 +0,,007 +00033 +00l06: -00503 +10544 -20166 
16 395072 A -0 0579 +10025 .. 1,,236 +10159 -00843 -00191 +00045 -0.004 0 
17 395073 S +00579 -1.024 +10234 -10l57 +00842 +00191 -00049 +00018 -00024 
* S denotes a mode that is symmetrical about the center line 
A denotes an antisymmetrical mode 
a 
0.10 
0015 
001e5 
0.22' 
a 
0.10 
0015 
00185 
0.22 
TABLE 2 
MAXIMUM EFFECTS FOR SMOarHLY MOVING~ SING:LE~AXLE LOADING 
W/Wb = 00175 J rjfb = 10237 . 
The symbol ~p denotes the position of the load for which a particular dynamic effect is maximum 
D M Ml M2 c c 
AoF. ~p A.F. Sp AoFo Sp AoFo Sp AoFo 
1.06 0.52 leOO 0051 1004 0015 1006 0041 1.22 
1013 0057 0078 0050 0096 0 015 101e 0043 1.22 
1006 0046 O.ee 004e 1009 0015 1013 0043 1029 
1025 0.47 1007 0050 1.14 0015 1.18 0044 1019 
M4 Rl R2 R2 
AoFo sp AoFo sp A.Fo Sp AoFo Sp AoFo 
1.36 0.85 1.00 0 1005 0041 1036 0062 1053 
1016 0084 1000 0 1018 0042 1029 0.61 loll 
1013 0.92 1000 0 1011 0041 1049 0063 0092 
1005 0074 1000 0 1.16 0044 1~62 0066 1.17 
M3 
Sp 
0.62 
0059 
0.62 
0065 
R4 
Sp 
1000 
0·ge 
0099 
0·95 1-1 
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